Bacteria with two cell membranes (diderms) have evolved complex systems for 22 protein secretion. These systems were extensively studied in some model bacteria, but the 23 characterisation of their diversity has lagged behind due to lack of standard annotation 24 tools. We built models for accurate identification of protein secretion systems and related 25 appendages in bacteria with LPS-containing outer membranes. They can be used with 26 MacSyFinder (standalone program) or online (http://mobyle.pasteur.fr/cgi-27 bin/portal.py#forms::txsscan). They include protein profiles and information on the 28 system's composition and genetic organisation. They can be used to search for T1SS-29 T6SS, T9SS, and accessorily for flagella, Type IV and Tad pili. We identified ~10,000 30 systems in bacterial genomes, where T1SS and T5SS were by far the most abundant and 31 widespread. The recently described T6SS iii and T9SS were restricted to Bacteroidetes, 32 and T6SS ii to Francisella. T2SS, T3SS, and T4SS were frequently encoded in single-copy 33 in one locus, whereas most T1SS were encoded in two loci. The secretion systems of 34 diderm Firmicutes were similar to those found in other diderms. Novel systems may 35 remain to be discovered, since some clades of environmental bacteria lacked all known 36 protein secretion systems. Our models can be fully customized, which should facilitate the 37 identification of novel systems. 38 39 40 Proteins secreted by bacteria are involved in many important tasks such as 41 detoxification, antibiotic resistance, and scavenging 1 . Secreted proteins also have key 42 roles in both intra-and inter-specific antagonistic and mutualistic interactions 2,3 . For 43 example, they account for many of the virulence factors of pathogens 4,5 . Bacteria with a 44 LPS-containing outer-membrane (abbreviated "diderm-LPS" in this article) require specific 45 protein secretion systems. Six types of secretion systems, numbered T1SS to T6SS, were 46
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, and its use resulted in the correct identification of all T1SS in the reference and 140 in the validation datasets. Overall, 20,847 proteins matched the protein profiles of the 141 T1SS components in the bacterial genomes (Fig. 1b) . The vast majority of these were not 142 part of T1SS because they did not fit the T1SS model. We found 1,637 occurrences of the 143 T1SS model in 821 genomes (Fig. 1b) . The remaining proteins are probably associated 144 with the numerous other systems carrying components homologous to those of the T1SS. 145 We found T1SS in more than half of the genomes of diderm bacteria (54%). Some 146 genomes contained many systems; e.g., Bradyrhizobium oligotrophicum S58 and Nostoc 147 sp. PCC 7524 encoded a record number of 9 systems (Table S3 ). ABC and MFP were 148 encoded together and OMF apart in more than half (57%) of the T1SS. Hence, the co-149 localisation of the genes encoding the three components concerns a minority of T1SS 150 ( Fig. 1c ). We found 95 loci encoding ABC and MFP in replicons lacking OMF. Many of 151 these systems may be functional, since 94 of these loci were found in genomes encoding 152 at least one OMF in another replicon. Such multi-replicon functional T1SS have been 153 previously reported 50 . 154 T2SS, T4P and Tad pili 155 T2SS are encoded by 12 to 16 genes, many of which are homologous to 156 components of the T4P and the Tad pilus 17,51,52 (Fig. 2) . We used the protein families 157 conserved in the reference dataset to build 13 protein profiles for T2SS, 11 for type IV pili 158 and 10 for Tad pili (Materials and Methods, Tables S4-S5). No profiles were built for GspA 159 and GspB, because they were rarely identified in T2SS plus we could not build protein 160 families given low sequence similarity. The most frequent components in the reference 161 dataset were defined as mandatory in the models, and the least conserved as accessory. 162 Some profiles built for one type of system produced matches to (homologous) components 163 of other types of systems. Discrimination between systems was facilitated by the definition 164 of some specific components as forbidden (e.g., GspC was declared forbidden in Tad and 165 T4P). 166 Using the models, we correctly identified all of the T2SS and Tad systems of the 167 reference dataset (Table S1 ). In the validation dataset we missed some components of 168 four of the 17 T2SS (Table S2 ). We could retrieve three of them by modifying the default 169 T2SS model, e.g., the "Xps-type" system could be detected by decreasing the required 170 number components 53 . Additionally, we missed the very atypical T2SS of Legionella 171 pneumophila because it failed the co-localisation criterion (unusually, it is encoded in 5 172 distant loci, Table S2 ) 54 . A default model with more relaxed parameters in terms of co-173 localisation and sequence similarity would have identified all T2SS, but at the cost of less 174 correct discrimination from the two other systems. 175 The quality of the default T2SS model was confirmed by the analysis of genomic 176 data. Proteins matched by the protein profiles of T2SS were typically either highly or 177 poorly clustered (Fig. S1a ). These two extremes were respectively found to correspond to 178 components of the T2SS and of other systems. The T2SS components co-localised much 179 closer than the imposed distance threshold (d≤5, Fig. S1b ). The vast majority (99%) of the 180 T4P were encoded in multiple distant loci, which is accepted but not required by the model 181 whereas most T2SS were encoded in one single locus (96.5%). To verify that the T2SS, 182 T4P, and Tad loci were correctly classed, we compared the HMMER scores of proteins 183 matched by protein profiles from different systems. Proteins matching profiles from two 184 types of systems scored systematically higher for the system in which they were classed 185 even though this is not a classification criterion in the model (Fig. 2b-c ). This suggests that 186 our classification is accurate. 187 We detected 400 T2SS in 360 genomes, 379 T4P in 377 genomes, and 425 Tad pili 188 in 323 genomes. The high abundance of Tad pili is surprising given that they are much 189 less studied than the other systems. Interestingly, we found one Tad pilus with the outer 190 membrane channel (the secretin) in one of the rare Firmicutes with an outer membrane 191 (Clostridia, Acetohalobium arabaticum DSM 5501) 55 , and also in Acidobacteria, Chlorobi, 192 and Nitrospirae. T4P, T2SS, and to a lesser extent Tad pili, were usually found in a single 193 copy per genome, but some genomes encoded up to three systems (Fig. 2d sometimes also termed non-flagellar T3SS or NF-T3SS, evolved from the flagellar 199 secretion system and is encoded by 15 to 25 genes usually in a single locus 24,57,58 (Fig. 200 3a). Many of the core components of this system are homologous to the distinct F-T3SS 201 that is part of the bacterial flagellum 59-61 . We have previously proposed models that 202 accurately discriminate between the T3SS and the flagellum 24 . We used the same models 203 in this work. We identified 434 NF-T3SS in 334 genomes and 837 flagella in 762 204 genomes. Some genomes encode many T3SS, e.g., Burkholderia thailandensis 205 MSMB121 encodes 4 T3SS. These results match experimental data showing that in 206 Burkholderia pseudomallei the multiple T3SS target different types of cells 62 , and that in 207 Salmonella enterica the two T3SS are expressed at different moments in the infection 208 cycle (reviewed in 63 ). Multiplicity of T3SS is therefore likely to be associated with complex 209 lifestyles.
210
T4SS are involved in protein secretion, in conjugation and in some cases in DNA 211 release to, or uptake from, the environment 64 . Here, we distinguished the protein 212 secretion T4SS from the conjugation-related T4SS, which requires a relaxase 65 , by 213 naming them respectively pT4SS and cT4SS. It should be noted that some cT4SS are 214 also able to secrete proteins 64 . We have previously built and validated profiles and models 215 for the pT4SS, and cT4SS 66 (Fig. 3) . The latter can be divided in eight sub-types 216 corresponding to different mating pair formation complexes (MPF) 30 , of which six are 217 found in diderm-LPS bacteria, and only two are known to include pT4SS (MPF I and 218 MPF T ). To test the specificity of the models of each T4SS sub-type, we studied the close 219 co-occurrence of T4SS components. The results show that most protein profiles are highly 220 specific to each T4SS sub-type ( Fig. S2 ). Hence, our profiles are able to identify and 221 distinguish between these different systems. We identified 156 pT4SS (among 990 T4SS) 222 in 130 genomes of diderm bacteria (Table S3 ). information on the conserved, mandatory translocator domain of T5SS ( Fig. 4, Fig. S3 ).
233
Two recently proposed families of T5SS -T5dSS and T5eSS 71,72 -were not matched by 234 the T5SS profiles. We will build specific profiles for the detection of these sub-types when 235 enough experimentally validated examples become available.
236
Our models were able to identify all T5SS in the reference and validation datasets, T6SS secrete effectors to bacterial or eukaryotic cells. They were recently divided in 245 three sub-types 40 , among which T6SS i is by far the most studied 74-80 . This sub-type has 246 more than a dozen components 77,81 . We built profiles for 14 conserved protein families 247 ( Fig. 5a , Materials and Methods, Tables S1, S4, S5), of which 13 were previously recently been proposed that VgrG might also be involved in toxin export in a T6SS-265 independent way 80 . Genomes lacking T6SS i do carry some of these small tssI-associated 266 clusters, although this corresponds to only 8% of the clusters we could identify. Hence, the 267 identification of loci encoding TssI might uncover new T6SS i effectors.
268
The T6SS ii sub-type described in Francisella tularensis, is involved in subversion of 269 the immune system (growth in macrophages) and virulence 39,85-87 . Three of the 270 components of the T6SS ii were seldom matched by T6SS i profiles (tssBCL), complicating 271 the detection of T6SS ii with the T6SS i model. We built 17 protein profiles and made a 272 specific model for T6SS ii based on a Francisella tularensis system (see Fig. 5 
278
A recent report identified T6SS iii in Flavobacterium johnsoniae and Bacteroides 279 fragilis and showed it to be involved in bacterial competition 40 . This sub-type included 9 280 homologs of the 13 described core components of T6SS i and lacked homologs of the 281 "trans-envelope subcomplex" (Fig. 5 ). Furthermore, it had three specific components 282 (TssN, TssO and TssP). We built 13 protein profiles based on the analysis of the reported 283 three loci, including the nine homologs to core components of T6SS i , the nearly core 284 T6SS i component EvpJ, and two specific components TssN and TssP. We could not build 285 a protein profile for TssO because of the lack of representative sequences similar enough 286 to constitute a protein family (Table S5 ). The parameters for the models were inferred from 287 the analysis of co-localised hits of the T6SS iii components protein profiles ( Fig. S4 ). We 288 identified 20 T6SS iii in 18 of the 97 Bacteroidetes genomes. TssQ was not previously 289 recognized as conserved but was found in 50% of the systems identified in genomes. It TssD and TssI (VgrG). This suggests it might have similar roles in both T6SS i and T6SS iii .
295
T6SS iii was only identified among Bacteroidetes.
296

T9SS
297
A novel protein secretion system, T9SS or PorSS, has been described in F. 298 johnsoniae and Porphyromonas gingivalis 9,92 . It is required for the secretion of 299 components of the gliding motility apparatus, adhesins and various hydrolytic enzymes. 300 We used eight protein profiles from TIGRFAM and PFAM for five components (some 301 having several profiles), and built protein profiles for five other components (Tables S4-S5 , 302 Materials and Methods). One of the profiles was not specifically associated with T9SS; it is 303 part of the gliding motility machinery (GldJ). It was included in the model because it 304 clusters with some of the T9SS components and thus facilitates their identification. Hence, 305 the model includes 13 protein profiles for 10 core T9SS components 92 (Fig. 6, Fig. S5 ).
306
Four components of the T9SS are scattered in the chromosome, whereas the others are 307 encoded in two gene clusters. We detected 60 T9SS in 60 of the 97 genomes of 308 Bacteroidetes, and none in other clades, as previously shown 10 . T9SS were found in 62% 309 of the species of Bacteroidetes. 311 To the best of our knowledge, this is the first report comparing the frequency of all 312 well-known protein secretion systems of diderm-LPS bacteria in bacterial genomes. 313 Therefore, we analysed the distribution of these protein secretion systems in relation to 314 bacterial phylogeny, including clades with more than four genomes and with reliable 315 information on their phylogenetic position ( Fig. 7) . Only three clades, Alpha-, Beta-and 316 Gamma-Proteobacteria, encoded all the six most-studied protein secretion systems (T1-317 T6SS i ). Delta-and Epsilon-Proteobacteria showed fewer or no T2SS, T3SS and pT4SS.
310
Distribution of secretion systems
318
Most other clades encode fewer types of systems. The distributions of T3SS, T4SS, T6SS, 319 and T9SS have been described recently 10,20,24,30,40 , so we shall focus our analysis on the 320 other systems and on their relative distribution.
321
T1SS and T5SS are the most widespread protein secretion systems ( Fig. 7 , see 322 below). We identified T1SS in phyla as diverse as Spirochaetes, Planctomycetes, 323 Aquificae, Bacteroidetes, and Cyanobacteria. T1SS involved in the secretion of glycolipids 324 for heterocysts formation were recently described in filamentous Cyanobacteria 93,94 . We 325 find that T1SS are particularly abundant in this clade, where we identified 156 systems in 326 72 genomes, with 75% of the genomes harbouring at least one T1SS. The three types of 327 T5SS showed similar taxonomic distributions, even if T5cSS are less widespread (Fig. 7) .
328
Some phyla include only one type of T5SS: T5aSS in Thermodesulfobacteria and T5bSS 329 in Aquificae and Deinococcus-Thermus. These clades have too few representative 330 genomes to conclude if they lack the other T5SS. 331 We identified very few T2SS outside Proteobacteria. T2SS were also absent from the 332 98 genomes of Epsilon-proteobacteria. We did find a T2SS in a non-Proteobacteria, 333 Desulfurispirillum indicum S5, a free-living spiral-shaped aquatic Chrysiogenetes (also 334 encoding a T1SS). We could not find a description of the membrane architecture for this 335 species, but our analysis reinforces previous suggestions that it is a diderm 95 . Putative 336 T2SS were previously identified in clades where we failed to identify complete systems: suggest that we may have not missed many homologous systems. 1) In most cases we 396 identified all known systems in our reference and validation datasets. 2) We identified at 397 least one type of secretion system in almost all clades of diderm bacteria. 3) We identified 398 components of T4P and Tad (homologous to T2SS), F-T3SS (homologous to NF-T3SS), 399 and cT4SS (homologous to pT4SS) with certain profiles for the protein secretion systems 400 in many clades, including monoderms (Table S3 ). If one is able to pinpoint systems that 401 are so distantly related, one should have been able to identify most systems of a given (Table S3 ). A total of 413 998 genomes of phages were downloaded from Genbank (last access, February 2013).
414
The sequences of the reference protein secretion systems were retrieved from Genbank or 415 from complete genomes (Tables S1 and S2). 417 We built a dataset of experimentally studied secretion systems (T1SS-T6SS, T9SS) 418 and related assemblages (Tad, T4P and the bacterial flagellum) from the analysis of 419 published data. This reference dataset was used to build the models of each type of 420 system (Table S1) ubiquitous and specific to a system and can be defined as forbidden in models of other 433 systems. This facilitates discrimination between systems with homologous components.
416
Systems definition and identification
434
For example, the NF-T3SS-specific secretin may be declared as forbidden in the F-T3SS. to be co-localised with other components to be part of a system (e.g., OMF in T1SS). 9) A 442 component that can participate in several instances of a system (e.g., OMF in T1SS) 443 receives the multi_system attribute. These different properties can be combined when 444 necessary.
445
The models for the different protein secretion systems were described in files 446 following a dedicated XML grammar 25 and named after the system (e.g., T1SS.xml, File 447 S1). Models can be easily modified on the standalone version of MacSyFinder. The 448 webserver allows the modification of the most important search parameters.
449
MacSyFinder was used to identify protein secretion systems in bacterial genomes in 450 several steps (for a full description of the software see 25 ). The program did the search in 451 three steps. Firstly, components were identified using protein profile searches with 452 HMMER 41 . The hits were kept when the alignments covered more than 50% of the protein 453 profile and the i-evalue<10 -3 (default parameters). Secondly, the components were 454 clustered according to their proximity in the genome using the parameter d. Finally, the 455 clusters were validated if they passed the criteria in the models of the systems.
456
Definition of protein profiles 457 The models included 204 protein profiles. Among these, the two profiles for T5aSS 458 and T5cSS were extracted from PFAM 67,90 , and eight profiles for T9SS were extracted 459 from PFAM or TIGRFAM 90,105 . The remaining 194 were the result of our previous work 460 24,66,106 or this study (84 protein profiles for T1SS, T2SS, Tad, type IV pilus, T5bSS, T6SS i , 461 T6SS ii , T6SS iii and T9SS, listed in Table S4 ). To build these profiles we sampled the 462 experimentally studied systems for proteins representative of each component of each 463 system. We selected examples within these to maximise sequence diversity (Table S1 ).
464
Protein families were constructed by clustering homologous proteins. The details of the 465 methods and parameters used to build each protein profile are described in Table S5 . In 466 the case of the T9SS, where only two systems were experimentally characterised, we 467 used components from the well-studied system of F. johnsoniae (or P. gingivalis when the 468 gene was absent from F. jonhsoniae) for Blastp searches against our database of 469 complete genomes, and retained the best sequence hits (e-value < 10 -20 ) to constitute 470 protein families. A similar approach was taken to build protein profiles for the T6SS ii , 471 based on the Francisella tularensis subsp. tularensis SCHU S4 FPI system displayed in 472 Table 1 of 2). For T6SS i , we built profiles for the 14 mandatory components, which were clustered if 842 at a distance of d≤20 (see Fig. S4 ). SprE, SprT). Four components were declared as loners. The co-localisation distance for 860 the others was set at d≤5 (see Fig. S5 ). As several profiles were available for SprA, we 861 included them all in the models, and declared them as exchangeable homologs in the 862 model. GldJ is not part of the secretion system, but of the gliding motility system. It was 863 included in the model as it facilitates the detection of T9SS that co-localises with it. 864 Figure 7 . Phylogenetic distribution of protein secretion systems in bacteria.
865
Within each clade, the proportion of genomes harbouring each system is indicated in 866 boxes whose colours follow a gradient from full red (100%) to white (0%) (see legend). 
